Human spliceosomal U1 small nuclear ribonucleoprotein particles (snRNPs), which consist of U1 small nuclear RNA and ten proteins, recognize the 59 splice site within precursor messenger RNAs and initiate the assembly of the spliceosome for intron excision. An electron density map of the functional core of U1 snRNP at 5.5 Å resolution has enabled us to build the RNA and, in conjunction with site-specific labelling of individual proteins, to place the seven Sm proteins, U1-C and U1-70K into the map. Here we present the detailed structure of a spliceosomal snRNP, revealing a hierarchical network of intricate interactions between subunits. A striking feature is the amino (N)-terminal polypeptide of U1-70K, which extends over a distance of 180 Å from its RNA binding domain, wraps around the core domain consisting of the seven Sm proteins and finally contacts U1-C, which is crucial for 59-splice-site recognition. The structure of U1 snRNP provides insights into U1 snRNP assembly and suggests a possible mechanism of 59-splice-site recognition.
In eukaryotes, the majority of protein-coding genes are interrupted by non-coding sequences known as introns. The entire length of a gene, including its introns, is transcribed into precursor mRNAs (pre-mRNAs). The introns are excised and the exons spliced together to form mRNA with continuous protein-coding sequences by a large RNA-protein assembly called the spliceosome [1] [2] [3] . The major components of the spliceosome are five types of snRNP (U1, U2, U4, U5 and U6), each containing one of five spliceosomal U-type small nuclear RNAs (snRNAs), seven Sm or Lsm proteins and particle-specific proteins [1] [2] [3] [4] [5] [6] . Assembly of the spliceosome is initiated by the binding of U1 snRNP to the 59 splice site in pre-mRNA, followed by an ATPdependent binding of U2 snRNP to the branch-point sequence within the intron. Upon further binding of the tri-snRNP, which contains U4, U6 and U5 snRNPs, the spliceosome undergoes extensive rearrangements to become catalytically active [1] [2] [3] 5, 6 .
Mammalian U1 snRNP consists of U1 snRNA, seven Sm proteins (Sm-B/Sm-B9, Sm-D1, Sm-D2, Sm-D3, Sm-E, Sm-F and Sm-G) and three U1-specific proteins (U1-70K, U1-A and U1-C). The base-pairing between the 59 end of U1 snRNA 7, 8 and the 59 splice site in pre-mRNA has a crucial role in 59-splice-site recognition [9] [10] [11] . In higher eukaryotes, splicing factors, such as SR proteins, bound to splice enhancer sequences direct U1 snRNP through protein-protein interactions 12, 13 to the vicinity of 59 splice sites that differ significantly from the consensus sequence 1 .
Human U1 snRNA forms four stem-loops 14 ( Supplementary Fig. 1 ). Seven Sm proteins assemble around the Sm site nucleotides, located between stem-loop 3 (SL3) and SL4, to form the core domain 3, 4 . U1-70K and U1-A bind to SL1 and SL2, respectively, through their RNA binding domains (RBDs) [15] [16] [17] [18] [19] . U1-C does not bind free U1 snRNA, but the addition of the first 97 residues of U1-70K enables U1-C to bind to the U1 core domain 20 . We have previously reported the crystal structure of the N-terminal RBD of U1-A bound to SL2 of U1 snRNA 19 and the solution structure of the zinc-finger domain of U1-C 21 . We proposed a heptameric ring model of the core domain based on the crystal structures of two Sm protein heterodimers (Sm-D3-Sm-B and *These authors contributed equally to this work. 1 containing the seven Sm proteins. a, Human U1 snRNA forms four stemloop structures: SL1 (red), SL2 (blue), SL3 (green) and SL4 (cyan). A fourhelix junction with two coaxially stacked helices (SL1-SL2 and SL3-helix H (magenta)) is separated from SL4 by the single-stranded Sm site (yellowgreen). b, Anomalous difference peaks used to place the seven Sm proteins and U1-C into the map. Selenium atoms of seleno-methionine (SeMet)labelled Sm proteins (red); a zinc atom of the zinc-finger of U1-C (green); mercury atoms attached to residues Cys 24 and mutant Q39C of U1-C (purple). The 59 end of U1 snRNA (orange) base-pairs with its counterpart from a neighbouring complex (grey). c, Seven Sm proteins and U1-C fitted into the map.
Sm-D1-Sm-D2) 22 . However, the three-dimensional organization of these components in U1 snRNP is not known.
Early electron microscopy studies of negatively stained U1 snRNP revealed a globular core domain with two protuberances attributable to U1-70K and U1-A 23, 24 . More recently, Stark et al. 25 carried out a cryo-electron microscopy single-particle analysis of U1 snRNP, but the resolution was not sufficient to resolve secondary structure elements of proteins. Therefore, the authors were unable to place protein components unambiguously and the proposed arrangement of proteins thus relied largely on biochemical data.
We have crystallized and solved the structure of the functional core of human U1 snRNP at 5.5 Å resolution. At this resolution, the major and minor grooves of double-stranded RNA are evident. In addition, ahelices of proteins can be seen directly and b-sheets appear as flat density 26, 27 , allowing known protein folds to be identified. We have specifically labelled residues in individual proteins and used anomalous difference peaks from selenium, zinc and mercury to place each protein unambiguously into the map. This also allowed us to trace the N-terminal 100 residues of U1-70K with no prior structural information. The crystal structure of human U1 snRNP presented here reveals the detailed three-dimensional organization of the RNA and protein components within a spliceosomal snRNP and provides important insight into its function.
Structure determination of U1 snRNP
We reconstituted U1 snRNP from proteins expressed in Escherichia coli and U1 snRNA produced by in vitro transcription 19, 21, 22 . U1 snRNP is active in a splicing assay when U1-A is depleted 28 or nucleotides 50-91 of U1 snRNA, which contain the U1-A binding site, are deleted 29 . Crystals of the functional core of U1 snRNP were obtained with Sm-B (1-174), U1-C (1-77), U1-70K (2-215), the full-length constructs of Sm-D1, Sm-D2, Sm-D3, Sm-E, Sm-F and Sm-G, and U1 snRNA in which the apical part of SL2 was replaced with a kissingloop sequence 30 to promote crystal contacts ( Supplementary Fig. 1 ). The crystals belong to the triclinic P1 space group with typical unitcell dimensions of a 5 127 Å , b 5 128 Å , c 5 156 Å , a 5 96u, b 5 107u and c 5 101u and four complexes in the asymmetric unit. Initial phases were obtained with a Ta 6 Br 12 derivative. After inclusion of other heavy-atom derivatives, an electron density map at a resolution of 6.5 Å allowed the building of all RNA helices and fitting of known protein domains. A mercury-soaked crystal containing a U1-C variant (Q39C) diffracted to 5.5 Å . After multi-domain, multi-crystal averaging 31 , the map calculated with the 5.5 Å data set was of excellent quality (Supplementary Table 1 ).
Structure of the U1 snRNP core domain RNA on the 59 side of the Sm site forms a four-helix junction and SL4 is located on the opposite side of the Sm ring ( Fig. 1 ). SL1 and SL2 coaxially stack on each other. Similarly, SL3 and helix H stack coaxially ( Fig. 1a ). These coaxially stacked helices cross at an angle of ,90u. This stacking scheme was proposed for free U1 snRNA on the basis of biochemical studies 14, 32 .
The Sm ring consisting of seven Sm proteins can be recognized in the electron density where selenium anomalous peaks from all Sm proteins are clustered ( Fig. 1b ). The identity of the seven Sm proteins was established unambiguously from the positions of these anomalous peaks. The Sm proteins are arranged in the order Sm-E, Sm-G, Sm-D3, Sm-B, Sm-D1, Sm-D2, Sm-F (Figs 1c and 2a), in agreement with our heptameric ring model 22 . The averaged map of 5.5 Å resolution is of sufficient quality that a rod-like density for the N-terminal helix and a curved slab of density for the b-sheet of the Sm fold are almost perfectly formed in each Sm protein ( Fig. 2a ).
Sm-D2 contains a particularly long N-terminal extension, whereas Sm-B, Sm-D1 and Sm-D3 have long carboxy (C)-terminal extensions. The four-helix junction of U1 snRNA lies over a relatively flat face of the Sm protein ring consisting of the N-terminal helices of the Sm proteins. The N terminus of D2 is not ordered in the Sm-D1-Sm-D2 heterodimer 22 , but in U1 snRNP it forms a kinked helix and interacts with helix H in its minor groove (Fig. 2b) . The positive end of the a-helix dipole, as well as the conserved Lys 6 and Lys 8 residues, may facilitate the interaction of the N terminus of Sm-D2 with RNA. The N terminus of Sm-B also interacts with the RNA backbone at the base of SL2 (Fig. 2c ). These two interactions stabilize the four-helix junction of U1 snRNA onto the core domain and stabilize the overall structure of U1 snRNP.
A cartwheel-shaped electron density observed in the central hole of the Sm ring ( Fig. 2a ) is attributed to the Sm site RNA in analogy to the density observed for the pentauridylate bound to the homoheptamer of Lsm proteins 33 . This density has features of bases splayed out towards the Sm proteins. The first and third uracil bases within an Sm-site nonamer oligonucleotide (59-rAAUUUUUGG-39) were crosslinked to Sm-G and Sm-B, respectively 34 . These two positions correspond to U127 and U129 of U1 snRNA and the register of RNA binding within the Sm ring can be inferred on the basis of these two crosslinks. Thus, the seven nucleotides of the Sm site (59-AUUUGUG-39) are likely to interact with Sm-E, Sm-G, Sm-D3, Sm-B, Sm-D1, Sm-D2 and Sm-F, respectively.
The zinc-finger domain of U1-C The zinc-finger domain of U1-C 21 interacts with the Sm protein ring exclusively through Sm-D3 (Fig. 1c ). In solution helix C of U1-C folds back onto helix B through clustering of aromatic amino acids 21 , whereas in U1 snRNP these helices form a long continuous helix (helix B) extending from the Zn-binding site (Fig. 3a) . In the crystal the 59 end of U1 snRNA base-pairs with its counterpart from an adjacent complex (Fig. 1b) . The proposed base-pairing scheme was inferred from the length of the RNA duplex ( Fig. 3c ). This interaction is likely to mimic the binding of the 59 splice site of pre-mRNA to U1 snRNA ( Fig. 3d ). Helix A of U1-C binds across the minor groove of this RNA duplex where C8 and A7 of U1 snRNA base-pair with nucleotides corresponding to the invariant GU dinucleotide of the 59 splice site (Fig. 3a) . Importantly, the zinc-finger of U1-C is distinct from the TFIIIA-type 35 in that there are five intervening residues between the two zinc-coordinating histidines. To allow these two histidines to coordinate the zinc ion, the intervening residues in U1-C form a loop. This atypical zinc-finger structure 21 places the loop and helix A at strategic positions to interact with the duplex between the 59 end of U1 snRNA and the putative pre-mRNA strand ( Fig. 3a ).
U1-70K has an unusual structure and path U1-70K contains an RBD between residues 100 and 180, whereas its N-terminal region (residues 1-100) has no known sequence motif. We placed a homology-modelled RBD of U1-70K into a large density near SL1 of U1 snRNA with the aid of two selenium positions (Met 134 and Met 157; Fig. 4a ). On the basis of the crosslinking data 36 , we built the RNA loop of SL1 into the density in such a way that G28 and U30 of SL1 were close to Tyr 112 and Leu 175, respectively. The region between residues 61 and 89 of U1-70K, predicted to form an a-helix, was built into the long tubular density extending along the RNA stem from the RBD (Fig. 4a ). The register and orientation of the a-helix were determined from the selenium peaks of Met 67 and Met 88. The region around the Met 67 and I75M landmarks contains nine basic residues. Of these, Arg 63, Arg 66, Arg 70, Arg 71, Lys 74, Arg 68 and Arg 79 are close to the phosphate backbone of SL1. Hence, these residues are likely to have an important role in positioning this long a-helix along SL1.
The N-terminal 97 residues of U1-70K are necessary and sufficient for U1-C to bind to the U1 core domain 20 . The RBD and the long a-helix of U1-70K, distant from U1-C, do not provide a plausible explanation for the essential role of U1-70K in U1-C binding. To trace the path of the N terminus, crystals of seven variants of U1 snRNP were grown, each with a SeMet derivative of single methionine mutations of U1-70K (L9M, I19M, E31M, I41M, E49M, E61M and I75M). These SeMet anomalous peaks unambiguously established the path of the N-terminal region of U1-70K ( Fig. 4b-d) . Notably, the extended polypeptide chain of U1-70K wraps around the core domain and reaches an a-helical density near the Se peak of the L9M mutant. Electron density attributable to U1-70K can be identified along this path from the RBD to U1-C (Figs 2b and 4b) . The N terminus of U1-70K and the C terminus of Sm-D3 create a binding groove for the long a-helix of U1-C (Fig. 4b) . This interaction accounts for the essential role of the N terminus of U1-70K for U1-C binding 20 .
The 59-splice-site recognition The fortuitous interaction between the 59 ends of U1 snRNA from two U1 snRNPs provides important insights into the mechanism of 59splice-site recognition. U1-C is crucial for the formation of E complex 28 in which the 59 splice site of pre-mRNA base-pairs with the 59 end of U1 snRNA [9] [10] [11] . The structure of U1 snRNP suggests a role for U1-C in stabilizing this base-pairing. A double mutant of U1-C (R28G, K29S) fails to promote the E-complex formation 29 . These residues are within the loop between helices A and B, making them ideally located to interact with the putative pre-mRNA strand, consistent with their crucial role in 59-splice-site recognition (Fig. 3a) . In the crystal structure of dimethylallyltransferase transfer RNA complex, a zinc-finger domain interacts with the anticodon stem of tRNA 37 (Fig. 3b ). This zinc-finger also contains a loop formed by five intervening residues between the two zinc-coordinating histidines, and the loop and the two flanking helices interact with the anticodon stem. The remarkable similarities in RNA binding between the two zinc-fingers support the notion that the zinc-finger of U1-C interacts with and stabilizes the RNA duplex between the 59 end of U1 snRNA and the 59 splice site observed in our crystal structure. The crosslinking between U1-C and the 59 splice site is consistent with the structure 38 .
The first and second nucleotides of the intron (the invariant GU dinucleotide) form Watson-Crick base pairs with C8 and A7 of U1 snRNA, respectively ( Fig. 3a, d ). An intriguing possibility is that the conserved residues in the loop region and helix A of U1-C probe hydrogen-bonding groups of these two base pairs in the minor groove and contribute to a discrimination of nucleotides at these two positions. In yeast, the function of an otherwise essential DEAD-box helicase, Prp28p, can be bypassed by mutations in U1 snRNA or U1-C 39 . It is plausible that the binding of U1-C to a correctly paired 59 splice site and U1 snRNA could be coupled to an activation of a DEADbox helicase within B complex to allow a transfer of the 59 splice site from U1 snRNA to U6 snRNA 40 . Such a proof-reading mechanism to discriminate incoming nucleotide substrates in the minor groove has been observed for both DNA and RNA polymerases 41 .
Implications for assembly of snRNP
The crystal structure reported here represents the functional core of U1 snRNP, lacking the apical region of SL2. U1-A consists of two RBDs linked by a proline-rich sequence; the N-terminal RBD binds to the ten-nucleotide loop of SL2 18, 19 . To complete the model of U1 snRNP, the crystal structure of the U1-A RNA complex 19 was added onto an extended SL2 helix (Fig. 5a ). This places the internal loop in SL2 consisting of four conserved non-canonical base pairs ( Supplementary Fig. 1 ) in a position to interact with Sm-B and Sm-D1 on the rim of the Sm ring (Fig. 5a ). This interaction could further stabilize the RNA structure onto the core domain. There is no known function for the C-terminal RBD of U1-A nor for the highly similar C-terminal RBD of U2-B99, a component of U2 snRNP 18, 42 . The C-terminal RBDs of these proteins may bind to a common binding partner, possibly the Sm ring. The cryo-electron microscopy structure of human U1 snRNP 25 shows a ring-shaped core domain with two large protuberances that were previously evident in negatively stained images of U1 snRNP 23, 24 . One striking feature in the cryo-electron microscopy structure is the funnel-shaped central hole in the Sm ring. In the crystal structure, a large RNA structure that includes the four-helix junction is located directly above the centre of the Sm ring and no funnel-shaped hole is observed. No class averages were presented in the cryo-electron microscopy paper 25 , but a gallery of negatively stained images of U1 snRNP 23, 24 provides different views of U1 snRNP. Closely matching images of these views ( fig. 3 in ref. 23) can be generated by rotating our model of the complete U1 snRNP (Fig. 5b) .
The crystal structure of a spliceosomal snRNP presented here provides insights into general principles of snRNP assembly. As observed in the U1 snRNP structure, the Sm protein ring assembled on U2, U4 and U5 snRNAs is likely to function as a platform for further protein assembly 1, 3 . Functionally important RNA sequences, which make up the catalytic centre of the spliceosome together with pre-mRNA substrates 1-3 , are located on the 59 side of the Sm or Lsm protein binding site in all spliceosomal snRNAs 1, 3 . In U1 snRNP, the region of U1 snRNA that includes the four-helix junction and the 59 end are stabilized in a particular orientation relative to the Sm ring by the N-terminal helices of Sm-D2 and Sm-B (Fig. 2b, c) . The N-terminal helix of Sm-D2, not ordered in the Sm-D1-Sm-D2 heterodimer 22 , becomes ordered through its interaction with helix H of U1 snRNA. In U2, U4 and U5 snRNAs, different RNA structures flank the Sm site on the 59 side 1,3 . Hence, the N-terminal helices of Sm-D2 and Sm-B are likely to play a similar role in stabilizing different RNA structures in other spliceosomal snRNPs. U1-C predominantly interacts with Sm-D3, but the additional interaction with the N terminus of U1-70K is crucial in promoting its binding to the core domain. Assembly of U1 snRNP therefore occurs in a hierarchical process, as in the ribosome 43 . U1-70K facilitates the binding of U1-C by providing an additional interaction surface for U1-C. The N-terminal polypeptide of U1-70K spans a very long distance. One of its functions may be to restrict the movement of SL1 with respect to the core domain, thus stabilizing the overall structure of U1 snRNP. Other snRNP specific proteins may have an analogous role.
The structure presented here reveals the architecture of U1 snRNP, held together by an intricate network of RNA-protein and proteinprotein interactions. It has also provided important insights into the mechanisms of 59-splice-site selection by U1 snRNP. During different stages of spliceosomal assembly, U1 snRNP interacts with other snRNPs either directly or through other proteins 1-3 . Our structure can now be used to study and provide an understanding of the interaction of U1 snRNP with constitutive and alternative splicing factors 12, 13, 44 , as well as other snRNP 45 , during assembly of the spliceosome.
METHODS SUMMARY
Crystallization of U1 snRNP. The preparation of U1 snRNP proteins and U1 snRNA, and the reconstitution and purification of U1 snRNP, have been described previously [19] [20] [21] . The eluate of U1 snRNP from a MonoQ column was concentrated to 5 mg ml 21 , mixed with an equal volume of a reservoir solution (MES-KOH, pH 6.2-6.6; 300 mM KCl; 38-42% MPD) and equilibrated with the reservoir solution at 4 uC by the hanging-drop method. Crystals suitable for data collection were grown by streak-seeding using a feline whisker at 4 uC. Crystals were collected and cryo-cooled directly from mother liquor. Data collection. Data used for structure determination were collected on the X06SA and X10SA beamlines of the Swiss Light Source (Paul Scherrer Institute) at 100 K on a mar225 charge-coupled-device detector. For all crystals, data sets were obtained with the beam focused on the detector (de-focused) and using inverse beam mode such that Friedel pairs could be collected with similar radiation damage. Structural determination. Data processing, phasing and modelling are as described in Supplementary Table 1 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
METHODS
Protein and RNA constructs. Formation of ordered crystals often requires protein constructs from which flexible regions have been removed. The C-terminal sequence of U1-70K (beyond residue 216) is highly divergent and contains a long stretch of Arg-Asp/Glu and Ser-Arg repeats in vertebrates. It undergoes reversible phosphorylation 46 and in different states serves as a source of binding sites for numerous constitutive and alternative splicing factors 13, 47 . Hence, the C-terminal region is likely to be unstructured and may be deleted without affecting the structural integrity of U1 snRNP. We therefore used a U1-70K construct containing the universally conserved region (residues 2-215).
The C-terminal regions of U1-C and Sm-B/Sm-B9 contain multiple copies of a Pro-Pro-Pro-Gly-Met-Arg-Pro-Pro motif or its variant. It has been shown that a splicing factor, formin binding protein (WBP-4), directly binds to the C-terminal regions of U1-C and Sm-B/Sm-B9 containing the proline-rich sequence 44 . This repetitive sequence is accessible to WBP-4 and is unlikely to be an integral part of U1 snRNP. Hence, we used U1-C (1-77) and Sm-B (1-174) lacking part of the proline-rich region for crystallization.
A U1-A-depleted U1 snRNP binds the 59 splice site as efficiently as the intact particle 28 . Furthermore, U1 snRNP is active in a splicing assay when nucleotides 50-91 of U1 snRNA, containing the U1-A binding site, have been deleted 29 . We therefore replaced the apical part of SL2 with a kissing-loop sequence 30 to promote crystal contacts ( Supplementary Fig. 1 ). The functional core of U1 snRNP containing Sm-B (1-174), U1-C (1-77) and U1-70K (2-215) and the full-length constructs of Sm-D1, Sm-D2, Sm-D3, Sm-E, Sm-F and Sm-G was reconstituted with this RNA (Supplementary Fig. 1 ) and crystallized. Structure determination. Data were integrated using MOSFLM 48 and scaled with SCALA 49 from the CCP4 suite 50 ( Supplementary Table 1 ). An anomalous Patterson map of a tantalum bromide derivative was readily interpretable and heavy-atom parameters of four major and four minor sites were refined using SHARP 51 . A Fourier map with the tantalum bromide 52 phases to 7 Å resolution showed clear density for A-form RNA after solvent flipping in SOLOMON 53 with a 60% solvent content. The Ta 6 Br 12 , Se and Zn positions were refined together against all their respective data sets in SHARP 51 . The resulting map was modified in SOLOMON, as above, and simultaneously phase extended from 7.0 to 6.5 Å over 11 cycles. These phases had an overall mean figure of merit of 0.63. Initial model building. Model building was carried out using O 54 and COOT 55 . The RNA helices were readily built into the U1 snRNP map. The Sm fold region of the U4 core domain structure independently solved (A.K.W.L., J.L. and K.N., unpublished results) can be fitted into the U1 map by superposing the methionine sulphur positions of the U4 core domain structure onto the Se anomalous peaks of the U1 snRNP map with a root-mean-square deviation of 1.8-2.0 Å for the four complexes, showing good agreement between these Sm ring structures. The lowest-energy NMR structure of U1-C 21 and a homology-modelled RBD of U1-70K 56 were used as initial models. The main crystal contacts include (1) basepairing between the 59 ends of U1 snRNAs from a pair of U1 snRNPs; (2) a kissing-loop interaction between a pair of U1 snRNPs; and (3) an interaction between helix B of U1-C and SL3 of a neighbouring U1 snRNP. Multi-domain and multi-crystal averaging. The four complexes in the asymmetric unit showed small but significant differences in the orientation of RNA helices emerging from the four-way junction. The particle was divided into four domains: (1) RNA residues 1-16 and 48-134, U1-C residues 4-31, U1-70K residues 9-23, proteins Sm-D3, Sm-B, Sm-D1, Sm-D2, Sm-F, Sm-E and Sm-G; (2) SL1, U1-70K RBD and residues 63-89; (3) U1-C residues 32-61; and (4) SL4. The coordinates and matrices for each domain were used to generate masks, at a radius of 8 Å from the atoms.
An EMTS-derivative of a U1 snRNP crystal containing a Q39C mutant of U1-C diffracted to 5.5 Å resolution but was not fully isomorphous with the crystal, containing the SeMet-labelled Sm proteins, that was used for the original experimental map (Supplementary Table 1 ). The masks, the core SeMet crystal data, the original experimental map phases and the Q39C data were used for multidomain, multi-crystal averaging in DMMULTI 31 over 30 cycles with a solvent content of 60%. The Q39C phases were refined to 5.5 Å in solvent-flattening, histogram mapping and NCS/crystal averaging modes.
The final map with an overall figure of merit of 0.62 was of excellent quality and readily interpretable. RNA helices exhibit phosphate 'bumps' in some places and some aromatic amino-acid side chains on a-helices can also be identified as 'bumps' (shown using asterisks in Figs 2b and 3a) . The map allowed the building of the N and C termini of Sm proteins that were not ordered in the Sm-D1-Sm-D2 and Sm-D3-Sm-B heterodimer structures 22 . These N-and C-terminal regions were built with the aid of heavy-atom markers as shown (Fig. 2b, c) . All figures were produced using PYMOL 57 . The features of the U1 snRNP structure discussed in the text are common to all four complexes in the asymmetric unit. All maps shown are experimental electron density after multi-domain, multi-crystal averaging and are contoured at 1s.
